A physical model of transport in an azimuthator channel with the sheath effect resulting from the interaction between the plasma and insulation wall is established in this paper. Particle in cell simulation is carried out by the model and results show that, besides the transport due to classical and Bohm diffusions, the sheath effect can significantly influences the transport in the channel. As a result, the ion density is larger than the electron density at the exit of azimuthator, and the non-neutral plasma jet is divergent, which is unfavorable for mass separation. Then, in order to improve performance of the azimuthator, a cathode is designed to emit electrons. Experiment results have demonstrated that the auxiliary cathode can obviously compensate the space charge in the plasma.
Introduction
Separation technology for isotopes or different groups of elements is widely applied in aerospace, medicine, nuclear energy, and other fields. Of various approaches, the electromagnetic separation method has advantages in versatility and efficiency [1] [2] [3] [4] . Due to the '3/2 principle' limitation on the current density of ion sources however, the production is usually not high [5, 6] . In order to increase the current density, the mass separator used in scientific research and engineering development should be able to keep the source jet as neutral as possible [7] .
Based on the mechanism of plasma jet focusing by orthogonal electromagnetic fields, a plasma optical mass separator (POMS) is developed as an alternative to the traditional electromagnetic separator [8, 9] , as shown in figure 1. The jet generated by the plasma source gets a helical velocity during traversing the azimuthator channel which contains the radial magnetic field (the B-section in figure 1 ). In the focuser which contains the radial electric field and a weak axial magnetic field (the C-section in figure 1 ), ions are focused and targeted to different positions according to their charge-to-mass ratios, and thus collected by the corresponding collectors.
The azimuthator is the key component in POMS. However, most previous research on plasma motion inside the azimuthator were mainly based on the single particle orbital theory. As a step forward, a particle in cell (PIC) method was applied in [10] . Nevertheless, effects of the sheath in channel was not taken into account. A model is thus built in this paper to further develop the work in [10] by analyzing the effect of collision with the sheath characteristics on the transport properties of the plasma in the azimuthator. In the PIC simulation we take the transport flux due to interaction between electron and insulation wall in sheath into consideration. Furthermore, an experimental platform of POMS as shown in figure 1 is set up to verify our numerical simulation and the feasibility and effectiveness of the azimuthator improvement.
Electron motion in the azimuthator
In cylindrical coordinates, z, r, and q represent the axial, radial, and azimuthal directions respectively. With an electron gyro-frequency w = eB m ce e much larger than the collision frequency n, where e is the elementary charge, m e is the electron mass, and B is the magnetic field, we obtain the guide-center motion equation of electrons along the axial electrical field perpendicular to the radial magnetic field n n w
As indicated by equation (1), the collision has a significant contribution to the process, i.e., in the orthogonal electric and magnetic fields. The gyromotion of the electrons prevents them from traversing the magnetic field until it is interrupted.
There are three factors that can interrupt the electron gyromotion: (i) the collision between electrons and neutral particles, (ii) the Bohm diffusion [11] , and (iii) the collision between electrons and the insulation wall [12] . A potential drop of the sheath formed by the interaction between the plasma and the insulation wall however impedes the electronwall collision. Thus, we in this paper focus on that effect by adopting the PIC method to calculate the transport flux due to collisions between the electron and the wall first, and then combine this flux with the other two factors in simulating transport properties in the plasma.
The model of simulation

Basic equations
In the azimuthator, the plasma induced magnetic field is far weaker than the externally applied field. Therefore the electrostatic approximation can be used by only considering the influence of the external magnetic field. The other approximation is based on the fact that the width of the channel is much less than its radius, i.e., - r r r r , ,
where r r , 1 2 are the inner and outer radii of the channel respectively. Then the ring-shaped channel can be approximated as a slab. Thus the Poisson's equation for the electric potential F can be approximately written as
i e with n e and n i are the electron and ion densities respectively, which can then be discretized as
where i and j represents the grid count in axial and radial directions. For particles, the motion is described by
with the velocity v, the mass m, and the position x for the particle, E and B are electric field and magnetic field vector, respectively. Boris algorithm is then adopted to push the particle and the superscript t represents time. In the simulation process, we first calculate the transport flux due to collisions between the electron and the wall in the sheath simulation, and then analyze the transport properties in the channel simulation, with the Monte Carlo method is adopted for collision calculation [13] .
In the Monte Carlo collision model, the complex collision process can be dealt with various types of collisions. If there are N-types of collisions, then in a period of Δt, the collision probability of the ith particle with others is
where Δt is the temporal-step, v i is the particle velocity, e ( ) Q j i is the jth type of collision cross section (1jN); e i is the particle energy, and n i (x i ) is the particle density. + -the expansion trajectory of the atomic and molecular nitrogen ions; 1-azimuthator, 2-excitation coil, 3-magnetic core, 4-gas distributor, 5-hollow anode, 6-auxiliary cathode, 7-axial magnetic field creating system, 8, 10, and 11-radial electric field creating system, 9-collectors.
We use the null collision method to judge the type of collisions. In each cycle of the program, the maximum collision frequency is selected as
Then, a parameter R F of random number is introduced, which is generated by the system. If
m a x it is the second type of collision. The rest can be done in the similar manner, and if
F it is null collision.
Simulation parameters
The parameters in the simulation are as follows: the electron temperature = T 10 e eV, the plasma density D We set the quasi-neutral region as = x 0. Electrons and ions are randomly located in quasineutral region. Since the model is for flowing plasma, we set the ion entry velocity as a combination of the radial Bohm speed and the axial ion flow speed of the main stream. The sheath model is then similar to the Bohm sheath characterized by the ion in a steady state and the electron with Maxwellian distribution [14] . The sheath potential is on the same order of the electron temperature, Fẽ
T. e The ion energy is however far higher than the sheath potential, so we assume that the ion density and velocity are steady inside the sheath. Periodic boundary condition is used on the left and right sides. Electrons move into the domain from the one side and out from the other while keeping the same velocity. The wall is made of SiC ceramic material. The impact of the electron on the wall can be described by the probabilistic model of secondary electron emission [15] . There are four types of probabilities, electron deposits directly on the insulation wall, inelastic reflection of electron by the wall, and one or two secondary electrons emitted from the wall, respectively given by where e p represents the electron energy.
In the channel simulation, on the other hand, the transport analysis is carried out in the entire domain of the channel with an axial length l = L 108 D and a radial width l = H 35 . D We set the insulation wall as = x 0. Boundary conditions for this azimuthator channel as illustrated in figure 3 . Electrons and ions are randomly located with the Maxwellian distribution for electrons and a normal distribution for ions. Particles move from the drive to the open boundary, and then leave the azimuthator. The drive and open boundary conditions satisfy ¶F ¶ = z 0. The sheath effect including the secondary electron emission from the wall has already been counted in the sheath simulation, the upper and lower boundaries then are is assumed as reflection only.
Numerical simulation results and analyses
Sheath characteristics of the wall
In the sheath simulation, results are shown in figures 4 and 5. The electron density and potential reductions from the quasi-neutral region to the wall are found. The potential difference is about 3 times of that for the electron temperature, which prevents low-energy electrons from passing through the sheath. Thus, only a small portion of electrons can collide with the wall to break the gyromotion and move along the axial electric field. Through statistical analysis, we obtain the transport flux due to collision between electrons and the wall surface, =F 2.06 10
Plasma transport properties of in the azimuthator
From equation (1), we know that the diffusion of electrons and the mobility along the axial electric field and traversing the magnetic field are proportional to the electron collision frequency. The collision frequency between electrons and neutral particles is given by n = n v Q, en n e with the neutral particle density n , n the electron velocity v , e and the collision cross section between electron and neutral particle Q. As for the Bohm diffusion coefficient, we use an empirical formula
eB b e [10] . Comparing with the diffusion coefficient of the electron traversing magnetic field, we obtain an equivalent Bohm collision frequency n w = 16.
b c e In addition, by the transport flux due to the collision between electrons and the wall, F , w we can also get the equivalent 'wall collision' frequency n =´( ) ( ) F S n V w w e by 'averaging' the surface collision over the entire channel, where S is the area of the wall surface and V is the channel volume. Thus, we obtain the 'total' electron collision frequency n n n n = + + .
T e n b
w Then, we carry out the PIC simulation for the plasma in channel with the Monte Carlo method to handle the collision.
In the channel simulation, we obtain the electron density distribution shown in figure 6 and the electric potential distribution in figure 7 . In figure 6 , we find that the electron density decreases along the z-direction, which implies that only a small portion of electrons can traverse the magnetic field. The reason is that the cross-field transportation is weak due to the weak collisions.
In figure 7 we can see a strong axial electric field near the exit which blocks the electron motion. It is caused by the effect of weakly magnetized ions. Thus, the separation of ions and electrons is built up axially.
The plasma jet leaving the azimuthator cannot maintain quasi-neutrality, because less electrons move out of the azimuthator. As a result, the spatial charge effect leads the divergence of ions. Then spatial distributions of various ions may overlap to makes the ion separation more difficult. In order to improve the separation, we have to improve the structure of the azimuthator to restore the quasi-neutrality.
Improvement of the azimuthator and experiment results
In order to restore the quasi-neutrality, we add an auxiliary cathode at the exit of azimuthator to emit compensating electrons. The improved structure is shown in figure 8 . Then we conduct an experiment to check the efficiency of the improvement. The experiment parameters are adopted as follows: the discharge voltage of the plasma source = U 900 AC V, and the radial magnetic field applied is 0.286 T. The external electric and magnetic fields of the focuser are set zero, which means that there is no external force acting on the plasma jet. We use the retarding potential analyzer to measure the energy distribution of ions, which can exclude the influence of background plasmas [16] .
We obtain the radial distribution of argon ions energy in figure 9 . Curve 1 (the filament current of the auxiliary cathode I H1 =29 A) and 2 (I H2 =24 A) are the results with compensation, while Curve 3 (I H3 =0 A) is without compensation. The electron flux launched by the auxiliary cathode is proportional to the filament current. Thus the compensation level is Curve 1>Curve 2>Curve 3. Comparing Curve 1 with 3 at the same radial and axial distances, we find out that the level of -I W d d for the uncompensated jet is obviously lower than that for the compensated case. The prominent influence of the spatial charge on the jet divergence are obvious in Curve 3, which means the electron spurting out of the channel are less than the ion. The experimental data qualitatively agree with the numerical results in figure 6 . The compensation effectively increases the ion density, which in turn benefits the ion separation. Figure 10 shows the nitrogen ions energy distribution. Curve 1 (with compensation) obviously is a double-peak distribution. The two peaks are attributed to + N 2 and + N , respectively, which means that the mass separation is achieved successfully and the POMS is effective. While for the uncompensated jet (Curve 2), the spatial charge effect results in the overlap of the distributions of + N 2 and + N , so the mass resolution in the uncompensated case drops sharply.
Discussion and conclusion
The azimuthator is a crucial component of POMS to prepare the stage for the ion separation. However, it is found in experiments that the plasma jet is in general non-neutral. It may significantly reduce the efficiency of the electromagnetic separation. PIC simulation results reveal that the phenomenon is due to the different transport properties of almost unmagnetized ions and magnetized electrons in the azimuthator. In the strongly magnetization case, the axial transport of electrons almost completely depends on the collision. In general, the process is mainly induced by the classical transport due to the electron-neutral collision and the anomalous transport due to the Bohm diffusion. Our study further show that the collision between electrons and the insulation wall also contributes to the process, while on the other hand the sheath formed by plasma interaction with insulation wall impedes the collision. Thus the problem of the unbalanced transport between ions and electrons remains unsolved. When the secondary electron emission coefficient is above certain threshold, there is a reduction of the stability of the sheath [15, 17] . In this situation, the collision may be significantly enhanced in comparison with that in a steady state. However, as seen in our experiment, electron temperature measured at the entrance of azimuthator is as low as T e ≈10 eV, the secondary electron emission coefficient is smaller than unity, and the sheath is in a steady state. Therefore both PIC simulation and experimental data in this regime show that the ratio of electron passing through the azimuthator is very low (without compensation, the density ratio of the electron to the ion is as low as n e /n i <0.2). Thus, a compensation technique by a cathode emitting electrons at the azimuthator exit is proposed and tested in PIC simulation and experiment. The separation efficiency is clearly improved with the compensation.
To the compensation technique, experimental results show that the auxiliary cathode can improve the compensation level of the spatial charge obviously, but not completely (after compensation, the density ratio of the electron to ion is improved to n e /n i ≈0.72). In order to achieve a complete compensation, one has to further increase the proportion of the electron passing through the azimuthator. One way to do it is to enhance the collision between the electron and the wall. The electron temperature, wall material and morphology are the main factors in affecting the collision. Particularly, if one can increase the electron temperature above the threshold (T e ≈40 eV in our simulation), the sheath may get unstable to remarkably raise the secondary electron emission and thus the transport flux.
In conclusion, we have numerically studied the sheath effect on the axial transportation of electrons which is a key factor to affect ion separation production. We calculated the transport flux due to collision between the electrons and the insulation wall. It is found in the current experiment parameter regime, only a small fraction of electrons can traverse the magnetic field axially, and thus the plasma jet moving out of the azimuthator is not neutral, which results in the divergence of ions. Experimental data confirmed this conclusion, an auxiliary cathode is proposed and shown to be able to remarkably increase the density ratio of electron to ion and weaken the divergence of ions.
